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I. Introduction
The Hypersonic International Flight Research Experimentation (HIFiRE) program explores technologies that will enable the development of hypersonic systems. Two HIFiRE flights focus on hypersonic boundary layer transition. The fifth flight in the manifest, HIFiRE-5, aims to study transition on a fully threedimensional (3D) geometry, a 2:1 elliptic cone. Geometries that are not axisymmetric or are flown at non-zero angle of attack are subject to a number of potential boundary layer instabilities, including the crossflow instability.
The crossflow instability can become the dominant path to boundary layer transition for realistic, 3D vehicle configurations. Both stationary and traveling modes are possible. The stationary mode manifests as co-rotating, streamwise vortices, while traveling crossflow wavefronts are inclined relative to the inviscid streamlines. 1 The wave number vector of the most unstable traveling mode has a spanwise component opposite the direction of the crossflow. 2 For incompressible flows, the stationary modes are typically dominant in low noise environments of flight and "quiet" wind tunnels, whereas the traveling modes tend to dominate in conventional tunnels. 3 The stationary mode is thought to be seeded by surface roughness, while the traveling mode is generated by vortical disturbances in the freestream which are entrained in the boundary layer. 4 Considerable study has been made of crossflow instabilities for incompressible flows. [3] [4] [5] [6] [7] [8] [9] It has been established that stationary modes undergo a period of linear growth, saturate nonlinearly, and then develop secondary instabilities that rapidly lead to transition. 3, 7 The majority of historic crossflow research has focused on stationary modes, since this is expected to be the dominant crossflow instability in the lownoise flight environment. However, the role and importance of traveling modes, possible interactions with stationary crossflow, and possible nonlinear self-interaction have not been well documented.
Recently, interest in the crossflow instability at supersonic and hypersonic flows has grown. Saric 3, 10 suggested that the same basic behavior observed for incompressible flows should also be expected for compressible flows. King 11 measured crossflow-dominated transition on a 5 degree sharp circular cone at Mach 3.5 in both quiet and noisy flow. However, these experiments focused primarily on crossflow transition location rather than a detailed study of the instabilities themselves. He noted that the effect of freestream turbulence on transition location decreased substantially with increasing crossflow. Recent experiments by Beeler et al. 12 confirmed the presence of stationary crossflow vortices on a wedge-cone model in a Mach 3.5 quiet tunnel. Future experiments will focus on determining if traveling modes are also present. Poggie and Kimmel 13 measured traveling crossflow wave properties with hot films in a Mach 8 conventional tunnel using a 2:1 elliptic cone, but did not find good agreement with complementary computations. They suggested that the poor agreement was due to the limitations of the computations. Malik et al. 1 reported experimental and computational results from a crossflow-dominated supersonic swept-wing flight test for Mach numbers from four to five. The flight transition locations correlated with stationary crossflow N-factors of 7.0-12. 4 and traveling crossflow N-factors of 7.6-14.1. Choudhari et al.
14 described stability computations for flight and wind tunnel conditions for HIFiRE-5. They found strong stationary and traveling crossflow growth over large portions of the vehicle acreage. They also investigated the effect of flow non-parallelism and integration path on N-factors for both types of crossflow instability. Swanson and Schneider 15 detected stationary crossflow vortices with temperature sensitive paint at Mach 6 with both quiet and conventional freestream noise levels. Craig and Saric 16 made hotwire measurements of stationary crossflow waves on an inclined circular cone in a quiet Mach 6 freestream. They found great similarities to low-speed crossflow in structure, growth patterns, and a secondary instability. Ward et. al 17 also made measurements of crossflow instabilities on an inclined circular cone in a quiet Mach 6 freestream. Temperature-sensitive paint confirmed the presence of stationary crossflow vortices. Pressure sensors detected the traveling crossflow instability, as well as a high-frequency instability that may be a secondary instability of the stationary crossflow vortices. Dinzl and Candler 18 report direct numerical simulation computations of the flowfield for the HIFiRE-5 model. Due to the sensitivity of this flowfield to the crossflow instability, great care needed to be taken to ensure that the mean flow was accurately computed without seeding crossflow vortices into the base flow.
II. Experimental Overview
Previous testing and analysis for elliptic cones demonstrated that a 2:1 elliptic cone would generate significant crossflow instability at the expected flight conditions for HIFiRE-5. [19] [20] [21] In order to exploit this prior body of work and expedite configuration development, the 2:1 elliptical geometry was selected as the test article.
Previous ground tests on the HIFiRE-5 geometry revealed a number of interesting features as well as several limitations of both the experimental methods and model. 22, 23 For noisy and quiet flows, stationary crossflow vortices were readily detected with oil flow visualization. However, temperature sensitive paint (TSP) did not show any vortices in noisy flow, and only revealed vortices in quiet flow for a subset of the Reynolds numbers for which they were detected with the oil flow. 24 In an attempt to study traveling crossflow waves in both conventional "noisy" and quiet freestream environments, previous experiments were performed on the HIFiRE-5 elliptic cone geometry in Purdue University's BAM6QT and Texas A&M University's ACE hypersonic wind tunnels. Traveling crossflow waves and transition were clearly measured in the quiet freestream environment. Since the traveling mode is conventionally thought to dominate crossflow transition in noisy environments, traveling waves were also expected in noisy flow. However, there was no evidence of traveling crossflow waves with a noisy freestream, even though the spectra of the surface pressure signals showed an expected progression from laminar to turbulent as the Reynolds number was increased. 23 It was thought that perhaps the very noisy freestream environment of the BAM6QT when run noisy caused transition apart from the traveling crossflow mode. Thus, the model was also tested in ACE at similar freestream temperatures and pressures, but with lower noise levels. Again, even though transition was observed, the traveling crossflow instability was not. 22 The model used in these past experiments was not originally designed for surface instrumentation. Thus, pressure sensors were mounted flush with the model surface in only one grouping near the back of the model with no feasible way of adding more instrumentation farther forward on the model.The results of these experiments motivate the current work.
In an attempt to obviate some of the experimental difficulties and answer some of the outstanding questions raised by the previous work, a new HIFiRE-5 model was designed and used for the work presented in this paper. The new model design satisfied two primary objectives. First, the new model accommodated IR heating measurements. The IR method alleviates roughness and steps induced by temperature-sensitive paint, and it was hoped the method might provide higher heat-transfer sensitivity over TSP. TSP could only image crossflow at relatively high Reynolds numbers. Under noisy flow, the boundary layer transitioned at Reynolds numbers well below the TSP detection limit. It was hoped that the more sensitive IR method would provide quantitative heat transfer measurements of stationary crossflow under noisy conditions, to support the qualitative oil-flow imaging. Secondly, the new model contained streamwise-distributed arrays of pressure sensors well upstream of the one measuring station available on the previous model. The streamwise-distributed sensors permit quantitative measurements of the evolution of crossflow instabilities at a variety of x-locations and unit Reynolds numbers. It was hoped that both the IR and distributed pressure measurements would illuminate the evolution of instabilities leading to transition under noisy and quiet flow.
The new model, shown in Figure 1 , maintains the same outer mold line as the previous model. It is a 38.1% scale model of the flight vehicle, is 328.1 mm long, and has a base semimajor axis of 82.3 mm. The half-angle of the elliptic cone in the minor axis plane is 7.00
• , and 13.80
• in the major axis (x-y plane). The nosetip cross-section in the minor axis plane is a 0.95 mm radius circular arc, tangent to the cone ray describing the minor axis, and retains a 2:1 elliptical cross-section to the tip. The model is made of solid 15-5PH H-1100 stainless steel from the nose to x=150.3 mm. The rootmean-square (RMS) surface finish of the steel is 0.4 µm (16µin). Downstream of x=150.3 mm, the model is a shell made of unfilled polyether ether ketone (PEEK), a high emissivity, high temperature plastic. The surface-normal thickness of the PEEK is 10.0 mm, except along the leading edges where it is thicker. The use of a shell, rather than a solid model, facilitates the installation of surface-flush pressure sensors in many locations and much farther forward than in the previous model. The instrumented shell has forty-four holes for instrumentation. Since the shell has a high emissivity and low thermal conductivity, it is also well-suited for infrared (IR) thermography. The use of IR thermography was inspired by previous successes in imaging crossflow vortices in hypersonic wind tunnels.
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Due to poor machining practice, the model manufacturer overcut portions of the stainless steel nose. The overcut was backfilled with solder and then re-machined. Unfortunately, this resulted in some portions of the nose with discrete roughness patches and/or steps. On the top, instrumented side of the model near the steel/PEEK junction (x ≈150 mm), there are several divots near the leading edge that are 30-40 µm deep and about 0.9 mm wide. Farther upstream on the leading edge, at x ≈50 mm, there are several divots that are 10-15µm deep and about 0.5 mm wide. Sample surface-profile traces of a few of the divots can be seen in Figure 2 . The bottom half of the model does not have such divots on the leading edge. The impact of this roughness near the leading edge is unknown. However, the data presented in this paper exhibit some top/bottom asymmetry that may be due to this roughness.
The experiments described in this paper aimed to test the new model in freestream conditions that were identical to the previous experiments. The model was always held at 0 degrees in pitch and yaw. All data were obtained in the BAM6QT at Purdue University. In an attempt to determine the effect of freestream noise on crossflow instability modes, the current experiments were performed with both quiet and noisy freestreams. Quiet flow was realized for freestream Reynolds numbers (Re) up to 13.1×10 6 /m. The Purdue tunnel achieves quiet noise levels by maintaining a laminar boundary layer on the tunnel walls. 28 A laminar boundary layer is maintained by removing the nozzle boundary layer just upstream of the throat via a bleed suction system. A new, laminar boundary layer begins near the nozzle throat. The boundary layer is kept laminar by maintaining a highly-polished nozzle wall to reduce roughness effects. The divergence of the nozzle is very gradual to mitigate the centrifugal Görtler instability on the tunnel wall.
For the current experiments, twenty-two pressure sensors were used for some of the runs, though one sensor broke part way through the experimental campaign. Table 1 lists the locations of the sensors relative to the nosetip. Here, x and y are the streamwise and spanwise coordinates, respectively, with the origin at the model nose. Figure 3 shows a sketch of the model and sensor locations. Seven groups of three sensors were located 25.4 mm apart along a line inclined 5
• with respect to the centerline. This is the approximate angle between an inviscid streamline and the centerline. 29 The middle sensor of the most downstream group of sensors (sensor 20) has coordinates identical to one of the sensors on the previous model. In these experiments, sensor 43 was located at the same coordinates as sensor 20, but reflected across the model centerline. Sensor holes that did not have sensors installed were plugged with nylon rods that were flush with the model surface. Kulite XCQ-062-15A and XCE-062-15A pressure transducers with A screens were mounted flush with the model surface to detect traveling crossflow waves. The Kulite sensors are mechanically stopped at about 100 kPa so that they can survive exposure to high pressures but still maintain the sensitivity of a 100 kPa full-scale sensor. These sensors typically have flat frequency response up to about 30-40% of their roughly 270-285 kHz resonant frequency.
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In addition to the pressure transducers, the PEEK shell of the model was imaged with a Xenics Onca IR camera. The camera is a mid-wave, 14-bit camera which is sensitive to IR radiation from 3.7-4.8 µm. The sensing array is 640 x 512 pixels. Images were acquired at about 80 Hz.
Using a subroutine called QCALC, IR data were reduced to heat flux by solving the transient onedimensional heat equation on a pixel-by-pixel basis. QCALC uses second order Euler-explicit finite differences to solve for the temperature distribution through the model. Heat flux is calculated from a second-order approximation of the derivative of the temperature profile at the surface. 31 The measured surface temperature was used as one boundary condition. An adiabatic backface temperature was used as the other boundary condition. The thermal conductivity, density, and specific heat of PEEK were obtained from the manufacturer and are 0.29 W/(m·K), 1300 kg/m 3 , and 1026 J/(kg·K), respectively. The size of the model precluded an accurate measurement of its emissivity. A skilled researcher estimated the emissivity to be 0.88-0.93, depending on how diffuse the reflection from the model is. A future project is to procure a smaller sample of PEEK for a much more accurate determination of the actual model emissivity. For the results presented here, the emissivity was taken to be 0.91. A full uncertainty analysis has not yet been completed for the IR measurements on the PEEK model, but is planned for the future.
III. Tunnel Freestream Characterization
In order to more fully understand the response of the model's boundary layer to the freestream disturbance field, attendant freestream Pitot surveys were completed on the tunnel centerline for the Reynolds numbers tested during the experiments. The Pitot sensor was positioned on the tunnel centerline at the approximate location of the model nosetip.
In order to use the IR camera for these experiments, a new IR-clear window was designed and used in the wind tunnel. Due to affordability constraints, the window is flat, rather than conformal to the axisymmetric nozzle contour as the typical Plexiglas windows are. The freestream Pitot surveys are also used to determine if the IR window has any large upstream influence on the tunnel flow quality. There was some concern that the cavity over the window would cause a separation or other disturbances to feed upstream, contaminating the core flow. Figure 4a shows noise levels for quiet runs without the IR window (stars) and with the IR window (circles). The noise level is defined as the RMS Pitot pressure normalized by the mean Pitot pressure. The Pitot RMS pressure was found by removing the mean, computing the power spectral density (PSD), and then integrating the PSD from 0-276 kHz. These integration bounds ensure that the Kulite resonance at 295 kHz does not contribute to the reported RMS Pitot pressure. The various colors correspond to different individual tunnel runs. For any given run, the noise level is seen to increase somewhat as the Reynolds number drops. This corresponds to increased time into the run. Nevertheless, the noise levels for quiet flow are always less than 0.03%. Most of the noise increase was due to higher power in the 0-6 kHz band, much lower than the frequencies of expected traveling crossflow waves. Noise levels with the PSDs integrated from 6-276 kHz are shown in Figure 4b . For the runs at higher freestream Reynolds numbers, the noise levels show little variation as Re drops. The runs at lower freestream Reynolds numbers still show significant growth as Re drops. This is thought to be due to the acoustic noise levels falling below the electronic noise floor of the pressure sensors. For these lower Re runs, the actual RMS does not change throughout the runs. This would be expected if the electronic noise were greater than the pressure noise. The normalizing pressure, however, continues to decrease throughout the runs, giving rise to the appearance of increased normalized freestream noise. No appreciable or systematic effect of the window is observed at the location of the Pitot sensor. Figure 4c for select Reynolds numbers with quiet flow. Disturbances are evident between 25 and 50 kHz. However, there is no systematic trend of the peak power with Reynolds number. It is unclear if these disturbances are due to an aerodynamic effect or electronic noise. No electronic noise signal was recorded during these experiments. These spectra look qualitatively similar to previous Pitot surveys in the BAM6QT (Figure 3 .3 of Reference 32). So, whatever the cause of the disturbances, they were not unique to these experiments. It is noteworthy that the frequencies of the observed traveling crossflow instability (discussed in Section IV.B) typically falls between 40 and 60 kHz. 
IV. Quiet Flow

IV.A. Stationary Crossflow Instability
With the model in the tunnel, a freestream Reynolds number sweep was performed for Re=5.8-13.0×10
6 /m. Heat flux contours for select Reynolds numbers are shown in Figure 5 . It was not possible to image the entire PEEK shell at once. The PEEK shell extends approximately 66 mm upstream of the upsteam extent of the images presented. The dashed red line in Figure 3 shows the approximate field of view of the IR camera. The heat flux scales in Figure 5 change with each Reynolds number and are selected to best highlight the salient features.
In each image, streaks that are oriented in nearly the streamwise direction are apparent. These streaks are due to stationary crossflow vortices. As the freestream Reynolds number increases, the maximum heat flux along a given streak increases as does the upstream extent of the higher heat flux. Spectra from the Kulites embedded in the model surface appear turbulent when the amplitudes of the streaks on top of them reach relatively high values. Thus, the increased heat flux with increased Re is likely reflective of both the higher Reynolds number flows as well as transition along the stationary crossflow vortices.
There is some apparent top/bottom asymmetry in the pattern of the vortices. The primary reason for this discrepancy may be a small patch of noticeable, discrete roughness along the leading edge on the sensor side of the model near x=50 mm, in the stainless steel portion of the model.
Of note are the higher heat flux regions surrounding the pressure sensors for Re=8.2 and 9.3×10 6 /m. It was discovered that the powered pressure sensors serve to heat the model appreciably. Such localized heating is especially evident for the lower Reynolds number cases where the range of heat flux displayed is considerably less than for higher Reynolds numbers. In order to mitigate this heating as much as possible, the sensors were powered off immediately following a run. They were not turned back on until just before the next run.
In order to determine spanwise wavelengths from the IR data, a spanwise cut was taken at x=305.1 mm for each Reynolds number. It should be noted that the lens used for these experiments introduced significant distortion into the IR images that has not yet been corrected. The "spanwise" cuts are actually the intensities at one horizontal pixel location. Thus, the cuts are not entirely spanwise and sweep through a finite range of streamwise stations. Future analysis will seek to correct for this distortion. These spanwise cuts are shown in Figure 6a . Each spanwise cut is artificially offset in order to unambiguously see the results for each Reynolds number. For each spanwise cut, the mean was removed and some smoothing was employed. Discrete Fourier transforms (DFTs) were calculated for each spanwise cut for both the bottom (negative y values) and top (positive y values) halves of the model. These are shown in Figures 6b and 6c , respectively.
As can be seen from the spanwise cuts of intensity and the DFTs, the stationary crossflow vortices are present for all Reynolds numbers, with the largest amplitudes occurring for Re=11.3-13.0×10
6 /m. The streak amplitudes are roughly consistent with those measured by Muñoz et al. 26 on an inclined circular cone at similar freestream conditions using an IR camera. At these Reynolds numbers, most of the streaks at x =305.1 mm are turbulent. Evidently, the vortices persist well downstream of transition. On the bottom side of the model, two wavelengths are prominent, approximately 3.0 and 4.2 mm. The top side of the model shows spectral peaks at approximately 2.8-3.0 and 3.5-4.5 mm for Re=10.3-13.0×10
6 /m. Additional peaks are also present, depending on the Reynolds number, as well as more broadband content. There is a clear top/bottom asymmetry. Since stationary crossflow vortices are seeded by surface roughness, this asymmetry suggests that the surface roughness on the top side of the model is different than on the bottom side.
In order to assess whether the pressure transducers were responsible for the asymmetry in the stationary crossflow vortices, the instrumented PEEK shell was removed and an uninstrumented PEEK shell was tested at Re=12.3×10 6 /m. IR images for the instrumented and uninstrumented shells are shown in Figures 7a  and 7b , respectively. A very similar stationary crossflow vortex pattern is present on both shells. Some top/bottom asymmetry is still evident. Figure 8a shows spanwise cuts at x=305.1 mm for both the instrumented and uninstrumented shells. DFTs for both the top and bottom sides of each shell are also shown in Figures 8b and 8c , respectively.
The spanwise cuts for the bottom half of the model (the left side of Figure 8a ) are nearly the same for both shells. The DFTs for the bottom half of the model show distinct peaks at 3.0 and 4.2 mm. The peaks for the instrumented shell have slightly higher amplitudes than for the uninstrumented model. Nevertheless, the stationary crossflow vortex patterns show good agreement for the two shells on the bottom half of the model. The agreement between the shells is not as good for the top half of the model. The spanwise cuts for the top halves appear to have very similar patterns, but are offset slightly in space. The DFTs have broad peaks centered around 4.5 mm. Lower-amplitude peaks are also visible at 2.4 and 3.0 mm.
Due to the excellent agreement in the stationary crossflow vortex pattern on the lower half of the model, it appears that the vortex pattern there is dominated by surface roughness on the steel nose. The moderate agreement on top half of the model suggests that the vortex pattern is dominated by roughness on the nose, but is modulated to some degree by the pressure transducers in the instrumented model.
Previous work on the solid aluminum model with oil flow visualization was instructive in determining the wavelength of stationary crossflow vortices.
24 Figure 9 shows DFTs at x=296.3 mm from the oil flow visualization on the earlier model and from the IR on the lower half of the PEEK model for Re=12.1 and 12.3×10
6 /m, respectively. The oil flow was not a calibrated method. Therefore, the DFT derived from oil flow images was semi-quantitative and used only to derive crossflow wavelengths. In order to compare the oil flow to the IR DFT, the oil flow DFT was scaled to approximately match that from the IR. Excellent agreement is seen in the peak wavelengths. This suggests that the distributed surface roughness on the aluminum model and the bottom half of the PEEK model are similar, and that this flow condition naturally selects the observed wavelengths. 
IV.B. Traveling Crossflow Instability
Pressure sensors mounted flush with the model surface were used to detect the traveling crossflow instability. Traveling crossflow was first examined by measuring the evolution of instabilities at a fixed x-location as unit Reynolds number varied. Next, streamwise-distributed transducers demonstrated the spatial evolution of the traveling crossflow at several unit Reynolds numbers. Transducer arrays provided quantitative wave-angle and phase-velocity measurements. Figure 10 shows PSDs for sensor 20 for freestream Reynolds numbers ranging from 6.6 to 12.8×10 6 /m. In each case, the pressure signal is normalized by the freestream static pressure. For Re=6.6×10
6 /m, no distinct peaks are observed. As the Reynolds number is increased, a peak centered on about 45 kHz is observed to grow. This peak is attributed to the traveling crossflow instability. For Re>8.9×10
6 /m, spectral broadening is observed, indicating the onset of transition. For Re=11.2×10
6 /m, the boundary layer is nearly 6 /m, peaks in the PSD due to traveling crossflow are present for sensors 14 and 20. The spectra for these sensors reflect a perturbed laminar boundary layer. Since the power levels for higher frequencies relax back to the unperturbed spectra, the traveling crossflow at this Reynolds number is assumed to be growing linearly. When Re is further increased to 9.9×10 6 /m, traveling crossflow is now seen for sensors 8, 14, and 20. Traveling crossflow at sensor 8 appears to be growing linearly. At sensor 14, significant spectral broadening is observed, indicating the onset of breakdown. The boundary layer at sensor 20 appears to be almost turbulent. At the highest Reynolds number, 12.8×10
6 /m, there may be a small spectral peak for sensor 2, but it is not obvious that traveling crossflow there is of measurable amplitude. Traveling crossflow is still present at sensor 8, with significant broadening of the spectrum. The boundary layer at sensor 14 is nearly turbulent, and is fully turbulent at sensor 20.
The spectra in Figure 11 tell a consistent story. For a given sensor, traveling crossflow first grows linearly. As Re is increased, transition onset is evidenced by nonlinear spectral broadening. For still larger Reynolds numbers, the boundary layer becomes fully turbulent. This progression occurs farther upstream with each increase in freestream Reynolds number. For this data set, the spectra of the signals from the pressure sensors and the IR images can be compared in a limited, qualitative sense. The spectra are observed to broaden before the streaks in the vicinity of those sensors undergo the rapid streamwise increase in heat flux. When a given sensor is located in the region of increased heat flux, the spectra there appear nearly or fully turbulent. It appears that the boundary layer begins to transition prior to any indication in the heat flux.
The pressure sensors were installed in groups of three in the model so that wave angles and phase speeds of the traveling crossflow instability could be calculated. Unfortunately, such wave properties could only be calculated for one sensor group for these particular experiments. As seen in Figure 11 , sensor group 1-2-3 did not detect traveling crossflow waves for even the highest quiet freestream Reynolds number that was achievable. Sensor groups 4-5-6, 10-11-12, and 16-17-18 were all conditioned with new electronics that proved to have prohibitively high levels of electronic noise. The electronic noise was such that the signatures of the traveling crossflow waves were largely obscured, and not suitable for the calculation of wave properties. Due to a limited number of oscilloscopes, the sensors in sensor group 7-8-9 were each connected to different oscilloscopes. Exact synchronization of all three oscilloscopes was not achieved. This resulted in relative phase shifts among the signals from sensors 7, 8, and 9 that were not related to the propagation of traveling crossflow waves. There is no way to correct for these synchronization errors. Sensor 21 broke early into the test campaign. Thus wave properties can not be determined from sensor group 19-20-21 . This leaves only sensor group 13-14-15 for the determination of traveling crossflow wave properties. PSDs for sensor 14, as well as wave angles and phase speeds for traveling crossflow waves at sensor group 13-14-15 are shown in Figure 12 for freestream Reynolds numbers ranging from 8.4 to 9.9×10 6 /m. These quantities were calculated using the method described in Reference 23. The wave angles for the peak frequency near 50 kHz are between 70 and 80
• for Re=8.4-9.1×10 6 /m. For larger Reynolds numbers, the wave angles diverge sharply from what was observed for lower Reynolds numbers. Phase speeds were found to be between 200 and 250 m/s for 50 kHz traveling crossflow waves for Re=8.4-9.1×10
6 /m. Calculated phase speeds also diverge sharply for higher Reynolds numbers. These values and trends are very similar to what was measured on the previous model at a location approximately 50.8 mm downstream of sensor group 13-14-15. 23 The divergence at higher Reynolds numbers is attributed to nonlinear effects and transition onset. In addition to the seven groups of three pressure sensors on the top half of the model, one sensor was located in the same location as sensor 20, but on the bottom half of the model. Figure 13 shows PSDs for both sensors at three different freestream Reynolds numbers. Although the spectra from the two sensors bear some resemblance to each other, they do not match to the degree that would be expected if the model and the flow over the it were truly symmetric about the model centerline. Traveling crossflow waves appear to be present at both sensors, but the peaks are not generally as pronounced for sensor 43 as they are for sensor 20. It may be that the differences in the stationary crossflow vortex pattern on the two halves of the model modulate the traveling crossflow waves. In previous work, discrete roughness elements (DREs) placed near the model leading edge were used to modify the stationary crossflow vortex pattern. The traveling crossflow waves were also significantly modified, being almost entirely suppressed for one DRE configuration.
24 Additionally, the model may have a small, non-zero yaw, the model geometry may exhibit some top/bottom asymmetry, or the tunnel flow may be slightly non-uniform. Figure 14 shows PSDs for the new PEEK model and the previous aluminum model for pressure sensors at the sensor 20 location. Agreement in the spectra from the two models is generally quite good. For the aluminum model, the peak frequencies are shifted slightly higher and the spectra look slightly further along in the transition process. This is evidenced by greater spectral broadening and higher broadband power levels. Nevertheless, the agreement suggests that the flow conditions and models are quite similar. Evidently, the aforementioned discrete surface roughness farther upstream on the PEEK model does not significantly alter the traveling crossflow waves when compared to the model used in the earlier experiments. However, the differences in surface roughness on the top and bottom sides of the PEEK model may still account for the differences between the top and bottom halves of the model. 
V. Noisy Flow
V.A. Heat Flux
Previous work utilizing oil flow visualization in noisy flow revealed stationary crossflow vortices. 24 However, temperature-sensitive paint (TSP) never showed such vortices. It was hoped that the more sensitive IR technique would be able to detect stationary crossflow vortices in noisy flow. The BAM6QT was intentionally run with elevated freestream noise levels. Heat flux contours for noisy flow for Reynolds numbers ranging from 1.7-11.2×10
6 /m are shown in Figure 15 . The intensity scales in Figure 15 change with each Reynolds number and are selected to best highlight the salient features.
For Re=1.7×10 6 /m, the two streaks adjacent to the model centerline undergo transition, while the boundary layer remains laminar elsewhere. As the Reynolds number is increased to 2.8×10 6 /m, turbulent lobes are observed outboard of the near-centerline streaks. For further increases in the Reynolds number, the outboard turbulent lobes move farther upstream and spread outboard. The location at which the nearcenterline streaks transition also moves upstream. Stationary crossflow vortices are not visible in any of the IR images.
For Re=7.0 and 11.2×10 6 /m, an interesting feature appears in the heat flux contours. Downstream of the transition front, the heat flux appears to first decrease and then suddenly increase. The location of the increase seems to move downstream at the higher Reynolds number. More recent data that could not be included in this paper did not show this feature. It is thus assumed that this feature is an artifact of this particular experimental setup. It may be due to a spurious reflection that was not accounted for.
Stationary crossflow vortices were not observed under quiet flow on the PEEK until Re≈8labm. Under noisy flow, the boundary layer on the model is largely turbulent for this and larger Reynolds numbers. For a given Re>8.0, in noisy flow the boundary layer is turbulent over the area of the model where vortices are visible in quiet flow. The earlier work with oil flow showed stationary vortices in noisy flow for Re=3.9-10.6×10
6 /m. 24 It is unknown why the vortices are observed with oil flow in a noisy freestream, but are not seen in the IR data. Even though the vortices are not visible in noisy flow, it appears that the IR technique is more sensitive than earlier work with TSP. 
V.B. Pressure Sensors
PSDs for pressure sensors 2, 8, 14, and 20 are shown in Figure 16 . For sensors 8, 14, and 20, the spectra indicate that the boundary layer progresses from laminar to fully turbulent as the Reynolds number increases. Sensor 2 never appears to indicate a fully turbulent boundary layer, even at the highest Reynolds number shown. The spectra from all four sensors show small, low-frequency peaks. This is very similar behavior to what was reported in Ref. 22 . No peaks due to the traveling crossflow instability are seen. As in the earlier work on an aluminum model, transition is observed, but there is no indication that it was precipitated by the growth and breakdown of traveling crossflow waves, even farther upstream. 
VI. Summary and Conclusions
A 38.1% scale model of the 2:1 elliptic cone HIFiRE-5 geometry was tested in both the noisy and quiet flows of the BAM6QT. IR thermography was used for the first time in this tunnel and was found to be suitable for detecting stationary crossflow vortices in quiet flow. The IR technique appears to offer superior sensitivity when compared to similar TSP measurements. Additionally, traveling crossflow instability waves were detected at some Reynolds number for almost all of the pressure sensor locations. The model used in the earlier experiments and the new model had stationary and traveling crossflow instabilities that were very similar. Thus, the crossflow instability properties appear to be somewhat insensitive to the particulars of each model and mostly dependent on the freestream flow conditions. Stationary and traveling crossflow vortices were concurrently observed in quiet flow. Wave angles and phase speeds for traveling crossflow waves were calculated for one location on the model and were found to between 70-80
• and 200-250 m/s, respectively, for the peak frequency. The stationary vortex pattern appeared to be determined by surface roughness upstream of the PEEK shell on the bottom half of the model. The stationary vortex pattern on the top half of the model appeared to be mostly determined by roughness upstream of the PEEK shell, but was somewhat modulated by the presence of the pressure sensors. Two predominant wavelengths were observed for the stationary vortices on the bottom half of the model, 3.0 and 4.2 mm, with only minor changes with Reynolds number. Neither crossflow mode was observed in noisy flow, even though the boundary layer over most of the model was observed to transition from fully laminar to fully turbulent as the freestream Reynolds number was increased. Thus, no primary transition mechanism could be determined for noisy flow.
The determination of the transition mechanism is fundamentally important in understanding and extrapolating transition measurements to flight. For example, Mack-mode instabilities produce transition on sharp and slightly-blunted cones at zero AoA, under both noisy and quiet flow. This commonality of transition mode gives some confidence in extrapolating transition to flight and accounting for trends due to differing boundary conditions. The difference in transition mechanism between noisy and quiet flow for the elliptic cone means that wind-tunnel-derived transition trends must be treated with more skepticism. An example of such an effect appears when planar and conical boundary layer transition is compared.
34 Future work will focus on acquiring improved pressure measurements to better diagnose the spatial evolution of traveling instabilities under noisy and quiet flow, with the aim of improving transition prediction and understanding the limitations of transition measurements made under noisy conditions.
